ABSTRACT. Because we have entered the 'millennium of the cities', urban ecological research needs to account for the provisions ecosystem services provide to urban regions. In urban areas, ecosystem service assessment studies need to account for the complex land use patterns, which change over relatively short periods of time. We discuss an analytical framework for the spatial and temporal integration of different ecosystem services in an urban region to determine synergies, trade-offs and losses, and we employ a case study in Leipzig-Halle, Germany. The following five ecosystem services, which are of special importance for urban areas, were selected: local climate regulation, recreation potential, biodiversity potential, food supply, and above-ground carbon storage. These services were analyzed from 1990 to 2006. Our results identified only slight increases in urbanization (1% or 3 km²) and in mining restoration (-11 km²). However, the detected land use changes led to synergies with biodiversity and climate regulation of > 50% of the total area, whereas trade-offs of approximately 60% were detected between variables such as climate regulation and recreation. Finally, we address both the opportunities and the challenges that were encountered in the integration study, specifically with respect to the application in land use planning.
INTRODUCTION
Humans consume more natural resources and destroy more ecosystems than ever before, as was recently demonstrated for more than 150 countries worldwide (Guo et al. 2010) . Ecosystems are part of the natural environment, and they support human life and the development of the societies by providing several goods and services (MA 2005 , Hassan et al. 2005 , Costanza et al. 1997 , Daily 1997 , De Groot 1992 , De Groot et al. 2002 . For example, agrarian ecosystems produce food; forests sequester carbon and deliver fiber and fuel; and functioning wetlands regulate water flows after extreme rainfall events, reduce the danger of floods, and clear polluted waters.
A number of studies regarding the theoretical, conceptual, and empirical approaches to ecosystem services (ES) have been conducted. For approximately two decades, these concepts have gained increasing attention and importance among scientists worldwide (Daily and Matson 2008 , Lappé 2009 , Burkhard et al. 2010 ). The first fundamental theoretical reflections were published by De Groot (1992) and Daily (1997) . The growing popularity of the ES concept can be viewed as a reaction to the interplay between the long-term neglect of ecological functions and processes in our basic economic cycles, which is often considered to be gratis (Cox and Searle 2009) , and to the growing devastation and degradation of the ecosystems (Boyd and Banzhaf 2007) . After the publication of the results of the Millennium Ecosystem Assessment (MA 2005) , which clearly showed a global ecosystem decline, it became obvious to the public that humankind depends on nature and ecosystems and the variety of functions, processes and fluxes. Another example of the growing understanding of the importance of ecosystem services for global policy is The Economics of Ecosystems and Biodiversity (TEEB) study (2010) , which focuses on the economics of ecosystems and biodiversity. Recently, the issues of biodiversity and ecosystem services were brought to the attention of policy-makers; in June 2010, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) was initiated in Busan, South Korea (http://www.biodiv-network.de).
Despite the progress in ES research (Andersson et al. 2007, Daily and Matson 2008) , we still lack a satisfying and comprehensive understanding of the interactions and feedback among different ecosystem services. They may both support and impair each other, which suggests the presence of a range of synergies, trade-offs, and net losses (Rodríguez et al. 2006) . Here, a trade-off refers to the increase of the provisioning of one ecosystem service and the simultaneous decline of another service at the same location. This knowledge determines the necessary implementation of the ES concept into society and political decision making in terms of assessing whether it is worthwhile, resource-and cost-efficient or sustainable to support the provision of one ecosystem services with regard to a possibly costly decline of another ES (Cox and Searle 2009 , Haines-Young and Potschin 2010 , Bastian et al. 2011 , Holzkämper and Seppelt 2007 , Seppelt and Voinov 2003 . For planning purposes, a better understanding of the spatial patterns of ES, their trade-offs and their relationship to land http://www.ecologyandsociety.org/vol17/iss3/art22/ cover change is absolutely necessary (Borgström et al. 2006 , Egoh et al. 2009 . This is particularly true in urban regions, where today more than half of the world's population lives and which are predicted to continue to grow (UN 2008) . In Europe today, more than 70% of the population lives in urban areas (Kabisch and Haase 2011 ). This number is likely to increase to 84% by 2050. Urbanization and soil sealing have led to rapid changes in the biogeochemical cycles, hydrological processes and ecosystem functions (Bolund and Hunhammar 1999) . In addition, human demands on urban ecosystems will increase in the next few decades due to the increase in population in these regions and the concentration of the world's economy (Raudsepp-Hearne et al. 2010 ). However, particularly in multifunctional urban regions, the assessment and integration of ecosystem services is challenging because we face a full range of overlaying ecosystem processes, functions, and respective services due to urban regions' dense, heterogeneous, and dynamic land cover patterns . Although urban ecology has made substantial progress in recent years regarding the specific ecological functions in urban areas, the explicit consideration of urban ES and their interaction with one another has not yet received much study.
Identification of synergies and trade-offs allows policymakers to better understand the hidden consequences of preferring one ecosystem service to another. Synergistic interactions allow for simultaneous enhancement of more than one ecosystem service. Because increasing the supply of one ecosystem service can enhance the supply of others (for example, forest restoration may lead to improvements in several cultural, provisioning, and regulating ecosystem services), the successful management of synergisms is a key component of any spatial development strategy that aims to increase the supply of ES for the well-being of humans.
Based on this background, our objectives were as follows: (a) to show an analytical framework of the different ways to integrate ecosystem service provisioning for an urban region and, in doing so, (b) to show the relationships between ES, such as synergies, trade-offs and net losses. We used the urban region of Leipzig-Halle in eastern Germany as a case study to provide a practical example of how to use this framework. Five ES that are of particular importance for urban ecosystems were selected: (1) local climate regulation, (2) recreation potential, (3) biodiversity potential, (4) food supply and (5) above-ground carbon storage.
STUDY REGION
With a population of 1,073,000, the rural-urban region of Leipzig-Halle is an important region in eastern Germany. It is located in the federal states of Saxony and Saxony-Anhalt, and covers a total area of 4390 km². Its two main urban cores, Leipzig and Halle, are surrounded by small towns and rural areas. Both cities have been the centers of commerce and trade since the 19 th century. Additionally, open cast lignite mining was developed around the cities at the turn of the 19 th century. The mining activities increased in scale due to the shortage of imports during the First World War, which led to the considerable reconfiguration of the region of Leipzig-Halle. A chemical industry developed that used the energy and raw materials from lignite mining. This development continued after 1949, when the Leipzig-Halle region became a part of the socialist East Germany (GDR), and it became a center for the chemical industries. During this time, major town extensions were realized. After the political changes of 1989 and the German reunification in 1990, the economy of the region declined in the face of national and international competition (Nuissl and Rink 2005) . Today, tentative new developments occur in the service sector, such as in the fields of education, transportation, tourism and leisure. Although the region of Leipzig-Halle belongs to two different federal states and is governed by a variety of administrative bodies, it is a complete, functioning region. Fig. 1 . Evaluation matrix to determine the synergies, tradeoffs, losses, win-no change, lose-no change and no change (at the zero-point of the diagram) and the interrelations of bundles of ES in the rural-urban region that was driven by land-use change.
The Leipzig-Halle region has faced population loss since the 1970s, and this loss still continues today (Nuissl and Rink 2005) . A spatially differentiated pattern of population development has been observed since 1990. Due to suburbanization and out-migration, Halle lost 20% of its inhabitants between 1990 and 2000, and its population continues to decline. Leipzig's population declined 12% between 1990 and 2000, but it increased 2.7% between 2000 and 2006 (Saxon Office of Statistics 2010). The opposing http://www.ecologyandsociety.org/vol17/iss3/art22/ Fig. 2 . Design of the integration framework. Based on the land-use, different ES provision maps were calculated. The spatial integration of the trade-offs was performed at three levels. The total region was used as a zonal analysis to distinguish the urban, peri-urban and rural areas and to produce spatially explicit maps. The temporal integration was analysed using a change detection of the ES interactions of two different time periods.
tendencies of the peri-urban and urban population development are striking. Since 2000, a downward trend in the entire area has been evident. Today, a general shrinking of the population can be observed, except in the city of Leipzig.
Leipzig-Halle is a complex urban region because it exhibits simultaneous urban land use growth and shrinkage. Although the postsocialist transformation period that included a heavy urban sprawl has passed, the moderate, urban land use development in the peri-urban region currently continues (Haase and Nuissl 2010) . At the same time, considerable sections of the inner city have faced a population outflow that was followed by a residential vacancy (currently approximately 40,000 flats), the creation of large urban brownfields that comprise approximately 7 km² and the massive underutilization of the urban infrastructure Nuissl 2007, Rink 2009 ). Since the early 1990s, the urban cores predominantly exhibited residential infill development close to the vacancies and urban brownfields (Haase and Nuissl 2010) . The inner peri-urban and outer peri-urban regions are principally characterized by different forms of residential and commercial sprawl Nuissl 2007, Haase and Nuissl 2010) . The commercial development occurred along the axis between Leipzig and Halle. Since the late 1990s, the residential and commercial sprawl around Leipzig-Halle has abated considerably. Finally, after the rural redensification and intensification of arable production in the 1990s, a growth of biofuel production and the ongoing loss of arable land due to residential and commercial sprawl are observable. Remarkable changes occurred in the former mineral extraction sites, where the large, lignite, opencast mines have been converted into large lake areas and restored arable or forest lands (Schwarz et al. 2011a ).
INTEGRATIVE ANALYSIS OF URBAN ECOSYSTEM SERVICES

State of the Art
Few studies have integrated different ecosystem services in their analyses (Seppelt et al. 2011a) . Of the different possible interactions of ES, most studies have focused on trade-offs. In general, a trade-off is a balance that is achieved between two desirable but incompatible states or situations. Within the scope of the ecosystem services, trade-offs involve losing one quality but gaining another. The ES trade-offs arise from the land use and management choices that intentionally or unintentionally change the type, magnitude, and relative mix http://www.ecologyandsociety.org/vol17/iss3/art22/ of the functions that are provided by ecosystems. Different definitions of trade-offs as they relate to ecosystem services can be found in the literature. Bennet et al. (2009) and Raudsepp-Hearne et al. (2010) define a trade-off as the simultaneous reduction in one ecosystem service and the enhancement of another. Conversely, synergy is when two ecosystem services are enhanced. This definition focuses on the interaction between the ecosystem services and their temporal changes in the same region. Another approach by Rodríguez et al. (2006;  also followed by Seppelt et al. 2011a) uses three axes for the classification of trade-offs: spatial scale, temporal scale, and reversibility. The spatial scale refers to whether the effects of the trade-off are felt locally or at a distant location. The temporal scale refers to whether the effects take place relatively rapidly or slowly. "Reversibility expresses the likelihood that the perturbed ES may return to its original state/ functionality in case the perturbation ceases" (Seppelt et al. 2011a) .
Integrated ecosystem services studies that are not limited to trade-offs use diverse schemes for analysis. Steffan-Dewenter et al. (2007) calculated the trade-offs between income, biodiversity, and ecosystem functioning at the plot level for one point in time. Another study by Egoh et al. (2009) examined five ES and species richness in South Africa; the authors produced spatially explicit maps of the ES and species richness, and they determined the percentage of service and species coverage in the subzones (biomes or quarter-degreesquares) for one point in time. Bennett et al. (2009) compare the interaction of the ecosystem services in a framework that revealed two types of interactions: first, one driver affects several ecosystem services, and second, interactions occur between ecosystem services. RaudseppHearne et al. (2010) identified bundles of ecosystem services that repeatedly appear together in Canada on the landscape scale. In their analysis of municipalities in Quebec, the authors mapped the spatial patterns of the ecosystem services and their interactions in the form of correlations between the different ecosystem services in the respective municipalities. Raudsepp-Hearne et al. (2010) found synergies in the form of positive correlations and trade-offs in the form of negative correlations. Moreover, the authors identified bundles of ecosystem services in municipalities based on a cluster analysis (cf. supplementary material of Raudsepp-Hearne et al. 2010 ).
An analysis framework for integrating urban ecosystem services A common framework for analysis requires a definition for repeated terms. In this paper, based on the definitions of Bennet et al. (2009) and Raudsepp-Hearne et al. (2010) , we define the following interactions between ecosystem services within a region (Figure 3 In this framework, synergies, trade-offs and losses were considered only within a region; they were not considered outside the region. This implies that the impacts of decisions within the region on the provision of ecosystem services somewhere else (called spatial trade-offs by Rodríguez et al. 2006 , or off site effects by Seppelt et al. 2011a) are not covered here. We calculated synergies, trade-offs, and losses between ES based on a respective land cover state. The trade-offs over time, as defined by Rodríguez et al. (2006) , were analyzed such that a land cover decision at the current state would determine an ecosystem services trade-off in the future. Finally, land cover is the main driver in this framework to influence ES provision. However, scenarios with a focus on other drivers, such as climate, could also be analyzed in the framework if these drivers also led to distinct impacts in the respective ES models.
Our spatially explicit analysis framework that was used to integrate urban ES consisted of the following four three steps.
(i) Land cover change detection: because land cover is the Ecology and Society 17(3): 22 http://www.ecologyandsociety.org/vol17/iss3/art22/ most dynamic component of urban regions and has the highest respective impact on ecosystems, we used Corine land cover data from 1990 2000 and 2006 to detect the land cover change (EEA 2007) . (ii) ES modeling: based on these land cover and land cover change data and the assumption that the type of each urban land cover determined the ecosystem services provision, five ecosystem services were quantified using models. The total values for these ES were calculated for all three periods. (iii) Integrated analysis: the third step of the integration framework represents the actual integrated analysis. The standardized data for the two time periods, 1990-2000 and 1990-2006 , were analyzed concerning an increase or decrease of the ES fulfillment at a 1x1 km cell raster level by setting the value of 1990 to 100% (Figure 4) .
Fig. 4.
The sub-regional "zonal" division of the study region of Leipzig-Halle that was used for the spatial aggregation of the zonal assessment of rural, peri-urban and urban areas.
The upscaling to the larger grid should account for uncertainties in the underlying data sets and methods. However, the initial calculations for each ES were performed on the original 100 x 100 m² grids of Corine land cover. The cells were coded as follows: a cell value > 105% indicates an increase in the ecosystem service provision; a cell value < 95% indicates a decrease; for all other values, there are no changes that are outside an uncertainty range of 5%. Afterwards, the raster maps were compared pair-wise to determine synergies, trade-offs or losses between all five ecosystem services. Finally, we determined the changes in the six interaction categories that are defined by comparing the cell statuses in 2000 or 2006 to the statuses from 1990.
The ecosystem services integration was carried out at three spatial aggregation levels: total urban region, zone assessment (see Figure 4) , and spatial maps. First, in the entire urban region, the relative changes of the mean values were used. Assuming values from 1990 were 100%, the values > 105% implied an increase of the ecosystem service provisioning compared to 1990, and the values < 95% implied a respective decrease. Second, an analysis on the urban and the inner and the outer peri-urban parts of the region ("zones") was performed using the mean values per zone. Here, a change ≥5% compared to 1990 indicated an improvement in the respective ecosystem service in the respective zone, and a change ≤5% compared to 1990 indicated the opposite. Third, a spatially explicit evaluation of the ecosystem services' provisions and their dynamic trade-offs was conducted at the 1 x 1 km raster level by comparing pairs of ecosystem services maps (see Figure 4) . Here, positive and negative derivations of the ecosystem services values compared to 1990 were identified for each ecosystem service separately. Subsequently, pairs of ecosystem services were compared to determine whether the land cover change led to a positive or negative impact on the services' fulfillment.
Following our spatial analysis framework, the study region of Leipzig-Halle is divided into four different zones that were based on the indicators of administrative structure (the urban area in its administrative borders and other municipalities), population density and built-up density ( Figure 2 ). The administrative boundary of the two cities encompasses (1) the urban parts that comprise the most densely built-up areas of the two cities and (2) the inner peri-urban areas, which are characterized by lower population densities, discontinuous urban fabric and primarily commercial activities (cf. a definition by EEA 2007). Around the administrative boundaries of the two cities are (3) the outer peri-urban areas, which are characterized by their higher population densities and higher densities of built-up areas compared to (4) the rest of the region. The remaining parts of the region are composed of rural areas that contain the lowest population and building densities. The rural areas are dominated by arable production and small towns that serve as local centers.
DATA AND METHODS
Land cover data
As mentioned above, the Corine land cover (CLC) dataset for the years 1990, 2000, and 2006 was used in this study. The data are issued by the European Environment Agency (EEA), which is publicly available. The spatial resolution is 100 x 100 m, and the minimal mapping unit (MMU) is 25 ha. Table 1 provides an overview of the land cover classes and their changes from 1990 to 2006 from our case study.
In relation to our interaction framework, the examination of transitions from the no-change category into synergies, tradeoffs or losses between 1990-2000 and 1990-2006 indicate the continuity of the ES provisioning as it depends on changes in land cover. Transitions, such as changes from win/lose-no change to synergy/trade-off/loss, also indicate temporally delayed potentials of synergies, trade-offs, and losses, as well as the challenges of losing synergistic effects.
Ecosystem services indicators
The indicators that were used for the ecosystem services were calculated using simple and robust methods from published literature, or they were based on empirical data. The methods are comprehensible and reproducible by regional and local planners. Table 2 provides a summary of the indicators. Details are provided in Appendix 1.
Local climate regulation
Local climate regulation is an important urban ecosystem service. Green areas, such as parks, urban forests, lawns and gardens and the waters of streams, lakes and ponds provide fresh, cool air for the population (Tratalos et al. 2007 , Whitford et al. 2001 . Accordingly, the local climate regulation is a valuable service provided by ES for the inhabitants of an urban region because it reduces the urban heat island effect, and therefore, it is important for maintaining the quality of life and adapting the rural and urban regions to climate change. The best indicator of local climate regulation would be a map of air temperatures for the urban region. However, air temperatures can only be directly assessed with stationary or mobile measurements, or they can be indirectly estimated with climate models (Stewart 2011) . Thus, land surface temperatures are often used as proxies for direct measurements (Schwarz et al. 2011b ). We used land surface thermal emissions, which indicate the total amount of energy emitted by a surface. The land surface emissions stem from the Landsat remote sensing data. A lookup table was created to link landcover classes to the land surface emissions (Schwarz et al. 2011a ). An index of the thermal emissions of each land-cover type was normalized by the thermal emissions of forests, so that the index equals 1 for forests (Table 2 ). This lookup table was then used with the land-cover maps from this study to compute the spatial distribution of the emission index, and thereby, to estimate local climate regulation for all time steps. Any uncertainties in the surface emission values were accounted for by the mean +/-1 standard deviation of emissions for each land cover class, and they were lower than 5% (for details see Table A1 ).
Above-ground carbon storage
Terrestrial carbon, which is stored in living and dead biomass and in soils, is an important part of the global carbon cycle. Atmospheric carbon can be sequestered into the terrestrial stock and then released. With the exception of soil, vegetation is the largest pool of organic carbon in urban ecosystems (Churkina 2008) . Although it is difficult to measure the carbon in soil and the changes in carbon storage are hard to predict, the stock and changes of the above ground stock are easier to estimate. Most of the above ground carbon can be found in trees (Davies et al. 2011) . The amount of tree cover and, therefore, the amount of stored carbon, varies across different land-cover types and geographical regions. The land-cover changes that result from the destruction of trees leads to the release of carbon into the atmosphere and vice versa. Land- Kroll et al. (2010) cover change in rural-urban regions is, therefore, directly linked to the global carbon cycle and climate change (see Davies et al. 2011 ). In the summer of 2009, 190 plots that each had a radius of 15 m were sampled within the urban region of Leipzig. All trees that had a diameter at breast height above 5 cm were measured, and their biomass was derived using allometric equations. The exact procedure is described in Strohbach and Haase (2012) . The original survey was carried out with more detailed land-cover that included 19 land-cover classes. To transfer the above-ground carbon values from Strohbach and Haase (2012), we first intersected the two landcover layers in a GIS. Then, we calculated the new storage values for the Corine land cover classes as the area-weighted averages of the values from Strohbach and Haase (2012) .
Biodiversity potential
Biodiversity is usually not counted as a service but rather is viewed as the basis for ecosystem service production (MA 2005) ; this is what makes biodiversity so important. In addition, several studies in cities have shown that urban dwellers directly benefit from the presence of rich biodiversity within their neighborhoods (Baines 2000 , Fuller et al. 2007 , Mitchell and Popham 2008 . Some studies have estimated the value of individual species. Rather than estimating the value of single species, we used indicator species to assess the biodiversity potential. Achtziger et al. (2004) selected indicator species for monitoring sustainable development of five major habitat types in Germany for the German Federal Agency for Nature Conservation. All indicators are bird species that represent a good ecological state of these habitat types and are sensitive to changes. Two detailed breeding bird surveys are available for the region: a breeding bird survey from Halle and the surrounding areas from 1989 with a spatial resolution of 1 x 1 km (Schönbrodt and Spretke 1989) , and a breeding bird survey from Leipzig and the surrounding areas from 1993 with a spatial resolution of 0.5 x 0.5 km (STUFA 1995) . The indicator species from both surveys were digitized, and the survey from Leipzig was resampled to 1 x 1 km. Rare species were removed from the data set. Six agricultural species and five forest species were selected (see Table A4 ).
Habitat models that used the statistical relationships between land cover and the presence or absence of the indicator species were developed. In addition to the proportion of land cover, the average summer temperature and precipitation (DWD 2010) , and the total river length (ATKIS 2006) in each cell were included in the model. The machine learning technique randomForest (Liaw and Wiener 2002, Hastie et al. 2009 ) was used to create a model that predicted the probability that each raster cell would be occupied by each bird species. The probability that a certain grid cell was occupied by a species was predicted for the land cover from 1990 2000 and 2006; the climate data and river length were assumed stable at 1990 values. From the individual probabilities, the mean probabilities of occurrence were calculated for all six agricultural and five forest species and the probabilities were between 0 and 1 for both habitat types. If, for example, the value of an agricultural indicator is close to 0, the grid cell is unlikely to be occupied by any of the respective indicator species, and it is considered to have no value for agricultural biodiversity. If the value is close to 1, all six agriculture indicator species are very likely to occur in the cell, and therefore, the grid cell is likely to have a high value for agricultural biodiversity. Finally, we created a biodiversity map that contained values between 0 and 1 using the highest value of either the agricultural or the forest biodiversity indicators (Table 2) .
Food supply
Food supply is crucial for both food security and the overall resilience of an urban region (Jansson and Polasky 2010 2007) . . With these data, it was possible to consider the increase of bioenergy crop production and to only restrict the food supply calculation on food crops. Soil fertility maps with a scale 1:200,000 that contained an index of the soil's yield potential from 1 to 5 were applied to differentiate the food production on arable land according to the soil fertility (cf. Kroll et al. 2012) . A bivariate regression and correlation analysis was conducted to investigate the relationship between the aggregated soil fertility index and the crop yield with n=24 administrative districts in Saxony and Saxony-Anhalt. The results were corrected using the soil fertility maps and the determined regression curves for those crops and years that showed a significant correlation between the crop yield and the soil fertility index. After the calculation of the food production in tonnes per hectare, this value was multiplied with the caloric value of the respective food based on the standard nutritive factors provided by the United Nations FAO statistics database (FAO 2009 ). An uncertainty analysis was not feasible in this case (see Tables A1 and A2) . Although imports and exports of food play an important role in the region, the trade flows of food could not be considered here. Thus, the calculated potential food supply should not be assumed as actual food supply, which is composed of regionally produced and imported food. However, the consideration of the statistical data on productivity and crop type composition described above indirectly reflects other effects, such as the impact of market conditions and subsidies on the regional agricultural production. For a more detailed description of the methodology and the data applied, see Kroll et al. (2012) .
Recreation potential
Urban green spaces provide recreation and aesthetic potential (Bolund and Hunhammer 1999 , Troyer 2002 , Breuste 2003 , Yli-Pelkonen and Nielema 2005 , and therefore, they play an important role in determining the quality of life for the urban residents (Santos and Martins 2007, Priego et al 2008) .
Because city regions are 'people places', the attempts to preserve nature and ecosystems within the city regions can only be successful if they meet the needs and the wishes of the residents. To calculate the recreation potential in the urban region, the area of urban green spaces was used as a proxy for the recreation space (reclassified Corine land cover codes 1.4.1. and 1.4.2 in Table 2 ). All forests were included in the recreation classes because they are state forests and they are publicly accessible. In addition, lakes and waters in the urban and peri-urban zones were assigned as urban recreation areas, and they were included in the analysis. Other water bodies and arable land were excluded because they do not provide recreation space and are not visited for this purpose by people. The recreation potential was determined by dividing the total urban green space in a local, municipal district by the number of residents. The delineated green space, which is used for recreation, is all publicly accessible. In 5 local districts, the classified green spaces were compared to the actual green spaces, and the uncertainties in the green space classifications were very low (<1%). The population numbers were based on census data, and thus, they provide the highest possible validity. The systematic errors of the annual census data for Leipzig are estimated to be +/-5% (Leipzig 2011 -Statistical Office).
RESULTS OF THE CASE STUDY
Aggregated ecosystem services in an urban region
At the aggregated level for the whole urban region, we observed that for most ecosystem services, the more major value changes occurred in the time period from 1990 to 2000 compared to the 1990 to 2006 period. For above-ground carbon storage only, significant increases were found for the year 2006. This finding corresponds to the change of land cover that is shown in Table 1 . In regards to the interactions of the five ecosystem services, we identified ecosystem service trade-offs between recreation potential, which decreased, and all of the other ecosystem services, which did not change significantly ( Figure 5 ).
The analysis on a zone-by-zone basis revealed the effects of both the peri-urbanization processes in the urban regions of Leipzig and Halle and the restoration in the lignite mining area in the south of Leipzig and Halle. Particularly, the intensification of agricultural production after 1990 increased the provisioning of the food supply, but there was an overall decline in green space in the inner and outer peri-urban parts of the Leipzig-Halle region. The resulting trade-off was the decline in the open and grassland recreation areas in the periurban parts of the region and thus, of the recreation potential ( Figure 6 ). This increase in food production can be viewed also as a consequence of partial privatization of the agrarian sector after the political transition in 1990 that included a return of collectivized land to former owners. In addition, above-ground carbon storage increased in the peri-urban http://www.ecologyandsociety.org/vol17/iss3/art22/ regions due to the conversion of treeless agricultural fields into residential areas with green space and due to the afforestation of the former lignite mining areas. However, compared to a forest, afforestation has no recreational value after 16 years and was therefore not included in the recreation potential calculation. We interpret that the synergies, trade-offs and losses of the ecosystem services share drivers, such as the peri-urbanization and the restoration and intensification of agricultural production. This type of analysis can determine where most of the changes occur, namely in the peri-urban areas, and it can consequently determine where it is feasible to support synergies or avoid trade-offs by steering and planning the landcover changes.
In their bird diversity assessment of Leipzig, Strohbach et al. (2009) also identified that recreation potential has a considerable correspondence with bird species diversity. With this overlap as an example, the overall level of congruence among areas of high provisioning that also have at least two, but up to all five, services is an indication that these services are driven by similar variables. Thus, the ecosystem services enhancement and improvement strategies could be bundled to achieve a higher level of efficiency. The trade-offs that were found in our analysis indicate the contrary, which means that to avoid the trade-offs, different protection or conservation strategies are required.
We identified synergies for the food supply and above-ground carbon storage potential for the outer peri-urban regions in 2000 and 2006 that resulted from the restoration processes. They were realized as a large extent of agricultural re-use and afforestation (approximately 5% of the total area) in the former mining areas. Therefore, the mining areas have a large potential to provide ecosystem services after they are recultivated. Losses existed for the service of climate regulation in the inner peri-urban areas as a consequence of soil sealing due to the peri-urbanization of approximately 7% of the total area. This finding is consistent with Schwarz et al. (2011a) , who found that highly sealed surfaces exhibit high surface emissions and low evapotranspiration, which are consistent with their higher air temperatures and low climate regulation potential. The re-urbanization processes in the urban centers and suburbanization resulted in the loss of food supply in those regions through a decline in the agricultural area, and at the same time, the restoration of brownfields led to an increase in the recreation potential in the inner parts of the cities. The driver of this development was the interim use of the run-down areas in the cities as a cost-effective solution to fight urban blight and shrinkage. A study by Rall and Haase (2011) suggests that interim use has the potential to increase both the amount and the diversity of green spaces and to create new spaces for creative play and leisure activities. Brownfields are not detected in Corine land cover data, but a change from class 121 (industrial or commercial units) into 141 (green urban areas) in the inner urban parts of the cities indicated this transformation process.
To summarize, we detected a balanced number of synergies and losses at the zone assessment level compared to the whole region aggregate. In approximately 50% of all possible http://www.ecologyandsociety.org/vol17/iss3/art22/ ecosystem service pair combinations in the zone-by-zone assessment, we found that the changes between 1990 and 2000 and between 1990 and 2006 were lower than 5%.
Spatial ecosystem services assessment
Although there were similarities among the spatial patterns of the different services (e.g., floodplain forests provide both recreation and above-ground carbon storage), mapping the spatial distributions of the provisions of each ecosystem service revealed that their individual patterns were specific. By examining the spatial configuration of synergies, tradeoffs and losses in Figure 7 and the accumulated values in Figure 8 , we found that ecosystem services were clustered in relation to two factors: the geographical position or degree of centrality in the region (urban, peri-urban, rural) and the land cover that integrated a range of human activities in the urban region (e.g., residential and commercial land cover types represent human activities such as living and housing and the labor market). Overall, the spatially explicit analysis of ecosystem services synergies, trade-offs and losses showed that the number of cells that exhibited one of these three states increased from 2000 to 2006 from < 20% (880 km 2 ) to > 35% (1540 km 2 ) of the total area.
Specifically, we identified trade-offs among the ecosystem service provisions of food supply and climate regulation (12% of the total area). We identified synergies between the biodiversity potential and above-ground carbon storage (33%). Because the major land cover changes, which include an increase in imperviousness, have occurred in the inner and outer peri-urban areas of the many large cities in eastern Germany since 1990 (Haase and Nuissl 2010 ) (a total area of approximately 44 km²), most of the synergies, trade-offs, and losses of ecosystem services in our case study were identified in those areas. However, the spatial patterns are heterogeneous and diverse, and they depend on the single ES pair or bundle.
In the urban parts of the region, net food supply losses were recorded in 2000 and 2006 (17% of the total area, or 80 km 2 ) due to the sub/peri-urbanization of formerly agrarian land in the outer regions of Leipzig and Halle. We identified a considerable number of potential trade-offs that would increase food supply and decrease recreation potential in the central northern and southern parts of the urban region where the less fertile soils are found (> 7% of the total area). Regardless of their fertility, many plots of soil fell fallow after the political change in 1990 due to de-investment and land abandonment. However, this situation changed after the agriculture in eastern Germany recovered in the later portion of the 1990s (Nuissl and Rink 2005) . The increase in food supply is a direct consequence of this development. In terms of above-ground carbon storage potential, we identified synergies in the highly dynamic, former lignite mining area in the south of Leipzig in 2000 (restoration began in 1991), but the restoration progress in 2006 converted this positive development into losses and trade-offs with the recreation potential. This result indicates that the tree-covered raster cells from 2000 were converted into green, leisure spaces with less trees or single family home residential areas in 2006, therefore, the above-ground carbon storage potentials declined, but the recreation potential increased. In Figure 8 , diagrams f, g and k are good examples of ecosystem services synergies, and diagrams a, e, h and j represent weak ecosystem services tradeoffs in the form of loose-no change relations; the remaining diagrams appear to be comparatively indifferent. Figure 9 shows the results of the analysis of the changes between the bundles of ecosystem services within the time period from 1990 to 2006. Increases in the synergies (9%), trade-offs (29%) or losses (12%) of ecosystem services provisions were detected for 1990-2006. Almost no changes were found for the interactions where the local climate regulation was involved because of limited changes in this service over time. The changes that are displayed in Figure 9 , which were quantified for a comparatively short period of time but impacted by the remarkable land cover changes, clearly show that the ecosystem services provision assessment is timedependent and that the detection of land-cover change for different points in time can provide a realistic evaluation of what the ecosystems can provide.
Temporal change and delayed potentials of ecosystem services provisioning
DISCUSSION
Methods used, uncertainties and off-site effects
Uncertainties are unavoidable when performing this type of regional analysis. In our case study, there were two primary sources of uncertainty: land-cover classification errors in the data provided by the EEA and errors from the modeling and quantification of the ecosystem services indicators. The validity of the Corine land cover classification has been confirmed by the European Environment Agency (EEA 2006) . The accuracy is approximately 87% (with 22 out of 44 classes being validated). We work at a regional scale, and thus, an aggregation of land-cover data was necessary. Nevertheless, we captured the main pattern of the data e.g., the degree of imperviousness with the Corine land cover data aggregated at 1 x 1 km cell grid. To account for these uncertainties, we only evaluated changes in terms of trade-offs, synergies and losses if the relative change of an indicator was larger than 5% when compared to 1990. This threshold considers that small changes may be an artifact of the uncertainties. Our analysis used two different time spans, 1990-2000 and 1990-2006; therefore, it indicates and considers uncertainties that are related to the subjective or data-driven choice of the time horizon for such research. Furthermore, we only defined qualitative terms, and we avoided numerical changes in rates to highlight the heuristic nature of our approach. We could show that by using simple models for the five ecosystem services indicators, it is possible to determine the spatial patterns in ecosystem services trade-offs and synergies, as well as their changes, without a large number of uncertainties. Moreover, our framework deals only with trade-offs within a region. Using the food supply service as an example, we interpret the market and subsidiary circumstances of food production as external drivers of the ecosystem services provisions within the region. For this study, we employed statistical data on soil fertility, livestock composition, fruit yields, crop yield, and the composition of cultivated crop types at the administrative district level for the respective years. These data indirectly reflect off-site effects, such as impacts of climatic conditions on crop yields or impacts of food markets and subsidies on the composition of cultivated crop types.
Assessing the analysis framework of the ecosystem services' interactions
The analysis framework that is presented here regarding the ecosystem services provisioning synergies, trade-offs, and losses provides a clear, additional benefit compared to the existing approaches. Our approach uses different spatial scales and focuses on the interactions between ecosystem services. The results, presented as zoned matrices, spidergrams and maps, are largely consistent across the spatial scales, but aggregation clearly hides the trade-offs and synergies between ecosystem services that appear at a higher spatial resolutions. Both the zone and the cell scale show that the highest loss of ecosystem services occurs over time in the peri-urban areas. On the other hand, the zone-by-zone aggregation ignores the differentiation of synergy, trade-off and loss areas in the urban areas of Leipzig and Halle. Thus, for urban planning, only the grid scale is meaningful.
The analysis framework provides a range of potentials. First and foremost, it is an integrative picture regarding the temporal and spatial development of the ecosystem services and natural resources in an urban region. It also provides an easy identification of synergy, trade-off, losses and no-change relationships among the bundles of ecosystem services at different scales. Therefore, this framework expands the simple trade-off analysis. The indicators that were presented estimate the ES potentials, and they indicate the areas where ecosystem functioning and service provisioning can be improved in an urban region. This is particularly relevant to shrinking and postindustrial cities because, as shown by our results, the range of brownfields in the inner parts of cities may serve recreational purposes. Finally, the analysis framework that was presented here includes an innovative evaluation of the importance of the temporal change of ecosystem services provisioning with respect to land cover change. This framework helped to identify the changes in ecosystem services trade-offs and synergies within short periods of time, and thus, it reinforced the importance of land-cover changes in ecosystem services provisioning.
Ecology and Society 17(3): 22 http://www.ecologyandsociety.org/vol17/iss3/art22/ Relevance for planning policies For policy makers, for example, the overall trends, tendencies or patterns of and between ecosystem services might be more useful than evaluating ecosystem services singularly. All of the different scales were operable using publicly available data, but this does not mean that public bodies working and operating at these scales will be easily introduced to this framework. It is still a scientific concept that needs to be transferred into practice. However, the aggregated indices at the whole case study level and the zone assessment level are suitable for policy analysts and policy-makers because they are easy to artifact , and long-term experience shows that planners and policy analysts are used to working with maps (e.g., Volk et al. 2010 ). This evaluation is based on the results of a range of stakeholder workshops that were embedded in the EU Integrated Project PLUREL (www.plurel.net; . Ecosystem service trade-offs that were identified here were primarily based on land-cover changes, and therefore, they facilitate the ecosystem services' provisions enhancement and land-cover development and planning by directing land cover in favor of ecosystem services provisioning and nature conservation. This framework can be used as a form of effect/impact analysis on the spatial and land-use strategies on different spatial scales. One example of this is the study regarding the assessment of land cover strategies and their relationship to climate regulation (Schwarz et al. 2011a ).
Challenges for implementation
How does the framework that was presented above contribute to a better implementation of the ecosystem services concept? Research that concerns spatial planning in urban regions has not met the threshold to impact or change policy (Cox and Searle 2009, Colding 2011) , but opportunities for this still exist. The reasons for not meeting the threshold for policy impact are manifold. First, there is a lack of information or standards for assessing ES, particularly in the urban regions. Here, empirical evidence is required, and our case study provides precisely this information. Second, Cox and Searle (2009) and Seppelt et al. (2011a Seppelt et al. ( , 2011b ) noted a lack of scalability. Here, our three-scale framework shows the uncertainties that are related to the different scales in ecosystem services modeling and assessment. Third, the involvement of local stakeholders in ecosystem services modeling and assessment is insufficient Bodin 2009, Borgström et al. 2006) . Here, our framework partially contributes to the insufficiency because it provides easy measures that are based on publicly available data, which make the results accessible and comparable. Fourth, land cover is often used as a proxy to quantify the provision of ecosystem services, as in this study. Although the existing systems of land-cover classifications, such as Corine, somewhat simplify the human influence on the landscape (Ellis and Ramankutty 2008) , this study shows that the relationships that were observed between the ecosystem services trade-offs and land cover changes can be quantified and made spatially explicit. Fifth, all of the different scales were operable using publicly available data as earlier mentioned. The framework is still a scientific concept that needs to be transferred into practice. Empirical case studies, like the one presented here, help to develop and define standards for ecosystem services' assessments that will make the concept more applicable.
SUMMARY AND CONCLUSIONS
Our aim was to provide an analytical framework to conceptualize and to quantify interactions between the ES provisioning in an urban region. The framework suggests the use of aggregated values for the entire urban region, functional zones (urban, peri-urban and rural zones) and spatially explicit, raster-transformed maps. It involves an evaluation of the temporal change of an ecosystem services assessment depending on the land cover change. We applied this framework to the urban region of Leipzig-Halle in eastern Germany.
In the case study, on the one hand, the analysis clearly shows a loss in the ecosystem services' provisions as a consequence of soil sealing in the peri-urban areas; on the other hand, it shows the synergies of ecosystem services resulting from brownfield-transition into green space and mining restoration. The study showed that trade-offs and synergies between ecosystem services are not stable relationships and that they might change over short periods of time depending on the change in land cover. At a more general level, the results of the case study showed that the assessment of ecosystem services' provisions succeeds at different scales and delivers consistent results. Because the framework involves a zone-byzone assessment, the growth and shrinkage processes in the urban and peri-urban parts of a region can easily be analyzed. Using the spatial map approach, we can identify and localize areas of change in ecosystem services provisioning synergies and trade-offs. Our framework exclusively addresses the synergies and trade-offs within an urban region and neglects off-site effects, as discussed in section 6. This might lead to an overestimation of the effects of carbon storage, as it is a global service, while underestimating the valuation of recreational spaces that can be accessed from outside the urban regions of study.
The main conclusions of this work are as follows. First, the identification and quantification of the ecosystem services trade-offs and synergy across different scales is operable using simple models. Second, although uncertainties were present, they did not adulterate the results. Third, the different scales of the integrated analysis framework that was presented enables planners and policy-makers to participate in the identification of trade-offs and synergies in their region. The scales used are applicable to different planning hierarchies spanning from the federal (in German: Landesentwicklungsplan) (111) 9.66 (± 5.04) Discontinuous urban fabric (112) 12.83 (± 4.52) Industrial or commercial units (121) 7.5 (± 4.39) Road, rail networks and associated land (122) 2.23 (± 1.25) Airports (124) 0.9 (± 0.16) Mineral extraction sites (131) 2.99 (± 0.91) Dump sites (132) 7.36 (± 1.54) Construction sites (133) 4.66 (± 0.67) Green urban areas (141) 29. 67 (± 5.25) Sport and leisure facilities (142) 12.59 (± 3.46) Non-irrigated arable land (211) 2.2 (± 0.46) Fruit trees and berry plantations (222) 4.01 (± 1.25) Pastures (231) 5.73 (± 0.95) Complex cultivation patterns (242) 7.36 (± 1.5) Deciduous forest (311) 62.21 (± 9.09) Coniferous forest (312) 58.18 (± 5.64) Mixed forest (313) 63.54 (± 7.56) 
